The exponential attenuation of fluctuating electromagnetic fields suggests that practical magnetotelluric measurements may be uninformative about the electrical conductivity at sufficiently great depths. This notion can be made precise for one-dimensional systems. Below a critical depth the conductivity function may be chosen freely without affecting the consistency of the model with the data. This depth is readily computable with quadratic or linear programming techniques and does not rely upon linearization of the equations.
under-parameterized representation of the solution. From these numbers it may be concluded that below a certain depth the resolution is poor or that the variance of estimated parameters is so large as to render them worthless. The critical depth defined in this paper could be identified with the point at which the poor performance of the model begins. There are two separate reasons why this identification is not entirely satisfactory. The first is the well-known difficulty of these approximate methods that the conclusions depend in an unpredictable way on the choice of the preferred solution about which linearization has been performed. The second is perhaps more serious: from a rigorous standpoint, linear inverse theory is incompatible with the concept of a limiting depth. For example, suppose in the under-parameterized treatment the value of the conductivity in the k t h layer is ok and its standard error is Auk ak; this layer would then be 'unresolved'. In fact some information about crk is still available: we could exclude with confidence values of conductivity in this zone greater than ok t 5 Auk. The full non-hnear theory given here shows that even constraints like this are unjustified on the basis of the response data. An analysis of spatial resolution (e.g. Oldenburg 1979) may be criticized on similar grounds.
We consider the physical problem treated by Parker (1980) and we follow the notation and conventions of that paper. A time-periodic source field excites horizontal electric and magnetic fields E(z, w ) and B(z, o) in a vertically variable conducting half space. At some depth there is a perfect conductor, where E = 0; this is z = 0 and the surface is at z = h. (The z coordinate is positive upwards, which is a bit inconvenient here, but the convention is retained for consistency.) Since k , the overall vertical extent of the model, may be chosen as large as we please, this geometry is general enough for the one-dimensional problem. In the theoretical development we continue here to put the observations into the form of complex admittances
where
These numbers can be found from the apparent resistivity pa and E/B phase lag @ by
We shall assume initially that the values of cj are exactly known. It can be shown (Parker 1980 ) that the admittance function has a Stieltjes integral representation in terms of b, a bounded, non-decreasing function:
where bo is a real, non-negative constant.
To find the limiting depth below which nothing can be learnt about conductivity, we appeal to the idea of electrical shielding. Suppose there is a thin, perfectly conducting layer at depth H < h ; then the conductivity beneath this layer has no influence upon c(o). It follows that, when the responses can be fitted with a model of this kind, the conductivity function at depths greater than H is completely arbitrary and therefore the data can tell us nothing whatever about u in this region. The reader should be sure to understand that we do not imply the surface measurements are unaffected by conducting material in the real Earth below H. We merely state that there exist certain models fitting the data with the property that the conductivity in this region can be chosen at will. When such models exist, it is impossible to devise valid inferences about the conductivity there, unless one is willing to inject information about the solutions not present in the original data. If we look only at what the response observations can tell us, the region is inaccessible.
The strongest limiting result of this kind is obtained by finding the model with the smallest H such that the data are satisfied. This is easily done with techniques developed by Parker (1 980) and by Parker & Whaler (1 98 1 Uncertainty in the data is incorporated into the theory as follows. A measure of misfit between observations and model values must be selected, for example xz. Then we must choose a level of misfit that is just acceptable -this means that any larger value would imply the model did not fit the data; for x2 a number near M + 2(2M)"2 is usual, where M i s the number of independent data. (The underlying approximation that the response estimates are independent Gaussian random variables is likely to be rather crude; hence it is unnecessarily cumbersome to set up the apparatus of a statistical hypothesis test.) The value of h in ( 3 ) is minimized subject to the constraint that the misfit does not exceed the just-acceptable level. When the misfit measure can be based on linear programming, this calculation is straightforward; if xz is used, only a little more work is required. When we treat h as a constraint and minimize xz, the problem can be dealt with by quadratic programming as described by Parker (1980) and Parker & Whaler (1981) . Therefore we consider the minimum xz as a function of h . This must be a decreasing function because the minimizing solution is allowed to contain a very highly conducting layer at any point shallower than h , say h'; thus the solution can at least achieve the value of xz corresponding to h'. The curve of x2 against h separates the plane into two regions: the one above and to the right of the curve contains pairs (h, x2) permitted by the data, the one below and to the left, those that are inadmissible. Hence the curve can be used to pick off the minimum h for a fixed x2. Models with the least h for a given x2 belong to the class D+, the set of positive delta functions in conductivity. At this point we address the question of possible extensions of the method to obtain other inferences about the solution without the need for linearization. The main result of this paper depends upon the possibility of identifying an interesting property of u with a linear functional of b , which is then minimized. Perhaps something valuable can be inferred from the data using other linear functionals. This problem can be tackled in a systematic way. Consider From (2) these nbmbers are linear functionals of b ; the associated kernel functions can easily be shown to be complete on any closed interval that excludes h = 0. The values D, can also be found as functionals of u by considering the explicit solution of the integral equation for E(h, w ) using iterated kernels (Parker 1980) . This is a power series in w and there is a similar series in o for aE/aGj. By dividing the two we obtain the power series for c The complete sequence of kernels on the right allows us to the build functionals of the form The numerical example consists of magnetotelluric responses from a station at Newcastle published by Jones & Hutton (1979) . These data have been widely distributed (Dr Alan Jones has organized the effort, under the acronym COPROD) as part of a comparative study of analysis techniques for electromagnetic data. In the calculations done here, we interpret the given 95 per cent confidence limits in terms of a Gaussian distribution in c with the phase and magnitudes treated at statistically independent variables. With all 23 published responses, the smallest possible value of xz is 16 600 and so we must conclude that there is no one-dimensional conductivity model consistent with this data set. Jones remarks that eight of the responses are to be considered unreliable. Upon elimination of these, the remaining fifteen can be fitted with a one-dimensional profile giving x2= 33.7 . Since fifteen complex responses entail thirty independent statistical estimates, this result is highly satisfactory; the data, with effective one-standard deviation errors, is shown in Fig. 1, together with the response curve of the best-fitting model. Finally, we plot in Fig. 2 the misfit x2 against H , the penetration depth. Let us agree that a model with x2 = 45.5 = 30 t 2 6 0 is just acceptable; solutions with this degree of mismatch exist whose behaviour below 363 km is quite indeterminate. The very flat lower part of the curve for smaller values of H shows that effective penetration is not strongly dependent on the precise choice of misfit; for example, if a value of 60 is considered just satisfactory, H = 323 km. A few investigators in the COPROD study fouqd it necessary to include complex structure below 400 km. Our calculations show that none of this structure is geophysically significant.
The effective penetration depth is a property of a given set of magnetotelluric data. Its counterpart in a linearized theory is open t o fundamental criticisms as we have seen. While inferences about u at some greater depth may be obtained, this will always involve information or assumptions from outside the set of response data (for example, the imposition of an arbitrary upper bound on 0). The most reliable conclusions are those that are based upon the smallest number of extraneous assumptions.
